


Topics

Brief introduction of our Rl beam separator CRIB (CNS, U-Tokyo)

“Indirect” ways to determine astrophysical reactions, discussing
projects at CRIB:

1. Resonant scattering with thick-target method in inverse
kinematics (TTIK)

Many experiments, ’Li/’Be+a, 39S+, 1°Be+a, 1°O+q, etc.

2. Trojan Horse experiments with Rl beam (ltaly-Japan
collaboration)

18F(p,or) in Novae (Silvio Cherubini, INFN-LNS)
'Be(n,p)/(n,a) in BBN (Seiya Hayakawa, CNS, U-Tokyo)

3. ANC
12N(p,y) (B. Guo, CIAE)

BN(p,y) (S. Artemov+R. Yarmukhamedov, INP, Uzbekistan)
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CRIB/OEDO in RIBF

Facilities operated by CNS, the University of Tokyo in RIBF (RIKEN

Nishina center)
CRIB: Rl beam separator for low-mass, low-energy (<10 MeV/u)

RI beams
SHARAQ: high resolution spectrometer
OEDO: new low-energy (10-50 MeV/u) beamline for exotic

beams
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CRIB

CNS Radio-Isotope Beam separator , constructed and operated by
CNS, Univ. of Tokyo, located at RIBF (RIKEN Nishina Center).

€ Low-energy(<10MeV/u) Rl beams by in-flight method.
€ Primary beam from K=70 AVF cyclotron.

€ Momentum (Magnetic rigidity) separation by “double achromatic” system,
and velocity separation by a Wien filter.

€ Orbit radius: 90 cm, solid angle: 5.6 msr, momentum resolution: 1/850.
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Low-Energy Rl beam Productions
at CRIB

2016 Jul. 25Al

2-body reactions such as
(p,n), (d,p) and (°He,n) in
inverse kinematics are
mainly used for the
production....large cross
section 2013 Dec. °0O

Many RI beams have
been produced at CRIB:
typically 104-10° pps

Higher intensity for 'Be

beam with cryogenic H, 2014 Jan. RI beam at CRIB /
target: 3 x 108 pps. 10Be Stable nuclei
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CRIB is collaborative

« CRIB experiments during 2010-2016 proposed by

external groups:
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CRIB is productive
...publications since 2011

Proton resonant scattering; astrophysical reactions, galactic y-ray from 26Al.
26Si+p; H.S. Jung et al., Phys. Rev. C (2012).

25Al+p; Jun Chen et al., Phys. Rev. C(2012), H.S. Jung et al., Phys. Rev. C (2014).
2INa+p; J.J. He et al., Phys. Rev. C (2013), L.Y. Zhang et al., Phys. Rev. C (2014).
22Na+p; S. Jin et al., Phys. Rev. C (2012).

"F+p; J. Hu et al., Phys. Rev. C (2014).

o-resonant scattering; o clustering and (o.,y) reactions

"Li+o/ "Be+a; H. Yamaguchi et al., Phys. Rev. C (2011 and 2013).

30S+q; D. Kahl, Ph.D. thesis at Univ. of Tokyo (2015), Phys. Rev. C (2018).

0Be+q; H. Yamaguchi et al., Phys. Lett. B (2017).

(o,p) direct reaction measurement

"C(o,p); S. Hayakawa, Dr. thesis at Univ. of Tokyo (2012), Phys. Rev. C (2016).
140+q; A. Kim et al., Phys. Rev. C (2015).

Indirect astrophysical reaction measurement

18F(p,0.); Trojan Horse Method with Rl beam S. Cherubini et al., Phys. Rev. C (2015).
12N(p,y) by ANC B. Guo et al., Phys. Rev. C (2013).

Reaction mechanism

7F+12C; Quasi-elastic scattering G.L. Zhang et al., Eur. Phys. J. A (2012). #1



Method: the thick-target method
In inverse kinematics

Measurement of
resonance scattering

ECT* Nov. 2018

€ Inverse kinematics...
measurement is possible for
short-lived RI which cannot be
used as the target.

€ Simultaneous measurement
of the excitation function for
certain energy range.(Small
systematic error, no need to
change beam energy.)

€ The beam can be stopped in
the target...measurement at
0.,=180 deg. (where the
potential scattering is minimal)
Is possible.
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o-resonant scatteing ... a striking method to study
resonant reactions and nuclear clusters

1. 7Li+a (''B), 3-body cluster, neutrino process (H. Yamaguchi et al.,
Phys. Rev. C (2011).

2. Be+o (C), mirror symmetry between "B and "'C, supernovae
nucleosynthesis H. Yamaguchi et al., Phys. Rev. C (2013).

3. '9Be+a (*C), Linear-chain levels H. Yamaguchi et al., Phys. Lett.
B (2017).

4. 30S+o (3*Ar), astrophysical 3°S(a., p) reaction ( D. Kahl et al., Phys.
Rev. C (2018).

5. 10O+ (""Ne), Comparison with 2°Ne cluster, astrophysical '8F(p,
o) reaction Exp. done in 2015, Kim Dahee Ph.D (2018).

6. '8Ne+a (%?Mg), Mirror symmetry breaking? (<2%2Ne) Exp. Done in
2016.
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"Li+o/ "‘Be+ao. study

"Li(o,,y)"'B ...important at high-T, as a
production reaction of 1B (the v-process in
core-collapse supernovae).

Be(a,y)'"C ... one of the reaction in hot p-p
chain, relevant at high-T.

o-cluster structure in "'"B/1C :

e 20+t / 2a+3He cluster states are known to
exist (similar to the dilute cluster structure
in 12C.)

 Several “bands” which have o-cluster

structure could be formed. [Our another
study topic.]

ECT* Nov. 2018
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‘Be(o,Y) in supernovae

vp-process calculation (T¢>1) shows considerable
contribution by '°B(a,p)'3C and "Be(o,y)"'C as much
as the triple-alpha process.
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T[10°K]
S. Wanajo et al., Astrophys. J (2070)
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Setup for ’Li/"Be+a.

« Thick target method with
inverse kinematics ...An
efficient method to measure
excitation function.

€ 'Be beam is monitored by a
PPAC (oran MCP detector).

€ 'Be beam stops in a thick Nal array

helium gas target (200 mm-
long, 1.6 atm). Y

PPAC AE-E counter

® Recoiled o particles are W 1 1/ \

detected by AE-E counter ~ ®ePeam
(10 um and 500 pm Si
detectors) at forward angle.

‘ for :::el-, ?a?al He gas filled
measurement (to identify
inelastic events).

200 mm
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'Be+o, Excitation functions

« 4 excitation functions... new information on resonant widths,
spin, and parity. H. Yamaguchi et al., PRC (2013).

0B(p,n)... See Wiescher et al.,PRC 95,044617(2017).
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Resonant contribution to ‘Be(o.,Y)

Small but not negligible contribution
compared to lower-lying states (~10%).

s1)

1
o
&

| 1 |
relevant T in !

—
o
S

-
-
-
-
-

N, <ov> (cm3 mol-
o o
N [ £+]

1
QL 10 8.420-MeV
- 102 contrib.”~~-/_

10° 1 10

ECT* Nov. 2018 #14



S(a,p)

30S(aL,p) ... one of the key reaction in X-ray bursts.

Scarce 34Ar resonance information, reaction rate
evaluation was only by statistical model.

30S+o resonant scattering with active target D. Kahl
et al., Phys. Rev. C (2018).

3 higher-lying resonances were observed: ]

dafdQ) {(mb/sr)

do/dQ2 (mbisr)
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Active target
for an advanced TTIK

!

He (90%) +CO, (10%)
mixture gas(160 torr)

 Acts as a He target and a detector (TPC) simultaneously
GEM with “backgammon” type readout pad.

* 3-dimentional trajectory and energy loss can be measured

= Accurate event identification.

#16
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Astrophysical implications

Reaction rate (upper limit) e - e sonanes (ORI
evaluation with RCNP(Osaka) ~— &np . |==rcrewow
°Ar(p,t)**Ar transfer reaction  § K
data + CRIB(Tokyo) resonant % i
scattering data Zik
=Higher than the stat. model
rate calculation |
ek ] &X-ray burst energy
] generation higher than the
| statistical model:
J . 25% enhancement [even with
N this single reaction].
- e m -Max. 30% of abundance

change for A=20-80 nuclg}.7
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The osigin pigelatie2AlgarioGraysy

26 Al y-ray : The first observed cosmic y-ray from specific nuclide (1.809

. MeV) .
An evidence of the on-going nucleosynthesis.

A key for understanding the evolution of the galaxy ( 26Al9s, t,, = 0.7 million
years )

Production source: still uncertain. Massive stars? Supernovae? Novae?

Too much 2°Al

26A distribution: Mainly form the 20+ 04 M.-— Diehl
center of the galaxy (20160)
but

>3M, expected from
ccSN, WR, AGB and
SAGB simulation.

Needs 2Al-destruction

i ECT* Nov. 2018 #18
by Roland Diehl pI'OCCSS?




26Al

High-T (>> 0.4GK)

Isomeric %Al does not
produce y-rays, however,

« 26mA| production by
2Mg(p,y) and also
from 25AI=>26Sj decay.

Thermal equilibrium
between 2%9Al and
26mA|_

« 25Al(p,y)?’Si reaction
destroys 2°Al.
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26 A\| isomer beam

- 25Mg(p,n)?6Al reaction: At the energy of
CRIB, the maximum angular momentum
brought by the beam is limited, and the
production of 26Al ground state(5*) is ol L d
highly suppressed. =High purity 26Al G M/”W
Isomer beam production is possible. R -

« This seemed to be a unique idea in
P

2014, but...
26AlIm beam @Argonne:
9 .S.
AM\_.JUU\JML MN"J
Pro ton_ Energy (Me V)

250

200

190}

&
(=]

<

200~

|somer 1

100}

Section {(mb)
o
=3

Cross

-
33 S
o c

o

o
O

[~}

50

[=]

At CRIB:
2016 First 26mAl beam production o |
FIG. 4. Excitation functions for (a) 2*Mg(p,ny)*°Al, (b)

26m i *Mgip,n;)*°Al, {¢) *Mg(p,n;)*°Al, and (d) the total neutron
2017 <®™mAl+p resonant scattering measured =~ j&te-mmAl () “Metpn AL an e total neutro

ECT* Nov. 2018 #20



Proof we made 26mA|]

* Pulsed the beam in regular tests, 12 s on —12 s off
* Measured the *'s with the Si telescope
°* (Also measured 511-keV y's with Nal)

 |someric purity ~50%
SSD Energy Half-life

45III:
4IIIII:
35III:
3:":0:
ZSIII:

2000

1500

05 1 1.5 2 245 k] 245
B Energy (Mey) B decay time (3)

[ decay measurements: (a) Energy spectrum and (b) Decay timing.
Both are consistent with 26MA|l.
ECT* Nov. 2018
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26A| proton spectra —the method worked!

Lower lsomeric Purity (32 tedium | someric Purity (@#5) Highert | someric Purity (#1)

=0
a
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I
=1
Zn
+0a
m
=
EZ

5 40 11 1 1

z 3 + 5 -] T 2 -] i0 1 3 + H ] T 2 =] 10 1
P roton Lakborstory Energy (We'') P raton Lakboratory Energy (Me')

EZ 3 + 5 -] T 2
Proton Laboraory Energy (Mev)

Lower lsomeric Purity (34) Higher someric Purity (#3
1I:III-
Target L
=
Mch,
Carban an

=

5 T 2 s 4O 11

3 * 5 -] T 2 -] 10 11
Proton Laboraory Energy (Mev)

3 * H]
P raton Laboratory Energy (e’

Rough normalization (factor 2 error). Clear evidence of structure

arising from 26MAl and not 29 All.
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The 8F(p,o) project (THM)

- 18F(p,a)... an astrophysical reaction important in novae, and
other high-T environments.

« Measurement with the Trojan Horse Method performed in 2008
...The first THM+RI beam experiment in the world.

« The Rl Beam at CRIB (after development):
Primary beam: 80 8*, 4.5-5 MeVA
Production target: H,
Production reaction: 8O(p,n)'8F

@ Purity nearly 100%

@ Intensity > 5 x 10° pps
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A NOVA MICKEY MOUSE PICTURE AND !8F(p,a)!°O
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EXPERIMENTAL SETUP

05 m g \ DSSSD
— . Safety
e disk
PPAC  MCP TARGET | e ASTRHO

DPSSD )
array  Safety disk

—F

PPAC PPAC CD2

Beam track reconstruction

ASTRHO:
Array of Silicons for
TRojan HOrse
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EVENT SELECTION

Red: 3BF +d >N+ oo +p
Black: 8F +d > 1°0 + o + n
Blue: 8F +d > 8F + p + n
Green: 18F + d > 80 + p + p

» 1 +2+ 3
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Assuming that a Quasi-free mechanism is dominant one can
use the (PW)IA:

- S0 e o
! N

X

3-body Reaction Virtual Virtual reaction
Decqy (astrophysical process)

| 1 1

3 p

Calculated :
Measured alculate Indirectly

%ehrlgh thontecarlo @E%
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Cosmological “Li problem

locco et al. Phys. Rep. 2009

A. Coc et al. J. Cos. Astropart. Phys. 2014

o ’Liproblem... disagreement between theory and observation by a factor of 3-4
- Due to CMB obs.? Low-metallicity stars obs.? Standard BBN model? Nuclear
Physics?

- "Be abundance in the end of BBN determines Li predominantly
ECT" Nov. 2018 #32

- p(n,y)d, 3He(d,p)*He, "Be(n,p)’Li, ‘Be(n,a)*He, "Be(d,p)2a, etc.



Trojan Horse Method for Rl + neutron

® Trojan Horse method: (Spitaleri+ Phys. Atom. Nucl. 2011)
® 'Be(n,p)’Li, ‘Be(n,a)*He via ?H('Be,’Lip)'H, 2H(’Be,aa)'H
® PWIA applicable when Quasi-free mechanism is dominant

dwa n P a spectator
o~”P ? N 0 (sp )
¥ N = a
Virtual Decay Virtual reaction 3-body Reaction
. . , dgHOES d’c
(Kinematic Factor):|® (P,)] x o e do, do, dE,.,
Calculated by Half-off energy-shell Measured at
Monte Carlo simulation 2-body cross section E4.78e > Coulomb barrier
0°FS = Normalization x 6" x Penetrability



’Be(n, p)’Li (Q = 1.644 MeV)

----- JAdahghourg Dt;&:égv%Tfont 2003)

11
iy - N\
BBN energy @0.478 MeV

{{{ ~ 100 keV

® Sensitivity: dlogY ./ dlog {(ov) .z, =-0.71 (Coc & Vangioni 2010, Cyburt+ 2016, etc.)
If 5 X higher rate = 7Li problem solved

® Direct measurement up to 13.5 keV, time-reversal reactions at higher energies.

® R-matrix analysis: Adahchour & Descouvemont 2003.

® New n_TOF measurement: enhancement below BBN energies (Damone+ PRL 2018)



<10 keV
@n_TOF

’Be(n, a)*He (Q = 18.990 MeV)

BBN energy
Observed
@n_TOF
>200 keV Barbagallo+
@RCNP PRL2016

Kawabata+ PRL2017

® Hou et al. PRC 2015: evaluation from “He(a,p)’Li

® Barbagallo et al. PRL 2016: s-wave measurement @ nTOF

® Kawabata et al. PRL 2017: p-wave measurement @RCNP

® Lamia et al. APJ 2017: evaluation of "Li(p,a) data measured by THM.
® Recent works consistent... Yet no direct data in the BBN range.



Experimental setup

® 6 AE-E position sensitive
silicon telescopes

Be beam: . o
22.12+0.1 MeV ® ’Li-p and a-a coincidence
on target » P (spectator)  measyrements
12° ... spectator not measured
PPAC a PPAC b
v" Tracking ?4
v PID
56
® CD,: 64 ug/cm?
= AE, ... ~ 150 keV ® Hamamatsu Charge-division PSD:
eam g .
= To resolve E,(7Li's!) = 478 keV position resolution ~ 0.5 mm

= Total angular resolution
(PPACs & PSDs & alignment)

s B4 #3 ~ 0.5° = AE,, ~ 60 keV
#6 #1

Au cpb, CH,



Momentum distributions of the spectator p

Yoo Y

exp’ ' sim

o d30/(dQ,dQ; dE,) / KF o |[®(pg)[? do/dQ

~ |®(p,)|* atafixed E. , and 8., (< 2-body cross section is const.)

Adoptedi 200_- Adoptedi
'E . 'Be(d,’Lip)p E | H "Be(d,2a)p
S oa0 : g :
5200 i ‘5100__ i
gﬂ N +++++++ g *i
0 | 0_|||||||||..I|.,,|,,,|_.,_'f:,¢_|,||||||
0 20 40 60 80 100 120 140 160

0 20 40 60 80 100 120 140 160
lp| (MeV/c) Ip| (MeVic)
Hulthén function in momentum space
for p-n intercluster motion (PWIA app.)

Good agreement up to 60 MeV/c
Evidence that quasi-free contribution is dominant.— THM is valid!



Counts

Q-value spectra of the 3-body channels

120 |

r ’Be(d,’Lip)p
100
80 F
60 [
40 |
[ E.st = 478 keV
20
0 D ot L follng ch i
-6 -5 4 -3 -2 1 0 1 2
Q value (MeV)
Reaction Q-value (MeV)
p+2a 16.766
Li+2p -0.589
"Be+n+p -2.225
SHe+p+3He -4.547

100:_ Be(d,2a)p
80
jﬂ .
EGO_-
o [
O [
40
20 |
0'....._..|....|_.n.. el NI INIEINIT IV 2 Vs £ W T IS SO
12 13 14 15 16 17 18 19 20 21 22
Q value (MeV)
Qupogy = B4+ Eo+ E5— By

AQy.y, ~ VAE2+ AE 2+ AE? +AE, | ?)
~ 200 keV expected with 64 ug/cm? CD,



Gaussian fitting to Q-value spectra

5 0008 5
5 0.006 | :
£ ; i ®|sotropy assumed (as no
g 00040 | i strong angular dependence
g ' it 1 (NPo) seen)
g 0.002] o My Hott +~!-+1r+{++rr+ ]
5 - fL },ffh g ++++i *jrhji t iﬁ np) ®Checked systematic change
[ L iy e T g S 1
%5 "7 15 2 25 3 35 4 w5 of widths & peaks
o B = Reduces errors
05 0 05 1 15 2 28
A A T T T T T T [T T T T T IO B
05 0 05 1 15 2 25 3.
, 3
Q 2 A 1
z ) AL AL
LI e T WL
%5 1 15 2 25 3 35 4 45

E;Lip (MeV)



(b MeV*?)

c.m.

1/2

cE

Cross sections and R—matrix analysis

10 F

=

<
-
I

=

<
N
I

Pt

pllp0 ratio Koehler1988 x P, Damone2018

"1l "Be(n,py):

- Gibbons1959
- Sekharan1976
- Koehler1988

® Damone2018
b 1| + This work

' d 'Be(n,p,):

Total DRC,

Barbagallo2016

10°°

107

Ecm (MeV)

n,py), (N,a) normalization: to the previous data

n,py)/(n,p4) ratio: from the Q-value Gaussian fitting and the KF correction

(
(n,py), (n,p4) penetrability (preliminary): assuming 1/v correction (s-wave)
(
(

- Koehler1988

s { + This work

Be(n,a):
1 xHou2015
J — Barbagallo2016

(Total DRC)

| o Kawabata2017

A+ Lamia2017
+ This work

n,a) penetrability (preliminary): assuming p-wave correction (consistent with Kawabata2017)
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Cross sections and R—matrix analysis

107

(b MeV*?)

112
Y EC.m.
'—\
Q

o

1072

n,py)/(n,p4) ratio: from the Q-value Gaussian fitting and the KF correction

[EE
S

107 107 1
Ecm (MeV)

n,py), (N,p4) penetrability (preliminary): assuming 1/v correction (s-wave)

7Be(n1p0):

- Gibbons1959
- Sekharan1976
- Koehler1988
® Damone2018
+ This work

Be(n,p4):
- Koehler1988
+ This work

Be(n,a):

x Hou2015

— Barbagallo2016
(Total DRC)

O Kawabata2017

A+ Lamia2017

+ This work

n,a) penetrability (preliminary): assuming p-wave correction (consistent with Kawabata2017)

n,py), (N,a) normalization: to the previous data




(b MeV*?)

c.m.

1/2

c E

Cross sections and R—matrix analysis

Be(n,py):

L - Gibbons1959
- Sekharan1976
- Koehler1988

o 2 !’.

® Damone2018

+ This work

‘Be(n,p,):
- Koehler1988
+ This work

1- 2+ 0%, 2t 7Be(n,a):
] xHou2015

— Barbagallo2016
(Total DRC)

1 o Kawabata2017

UL UL o T | T T T LR T
u =ia sipeieigien TER ETI1 8 3 3 g0 a8 . 1- 2+ 4- 2:'
L :'4#‘;-,,“ h
1
E plThiswork
------ 4 | b
o B R A S S S S S S S S S T ==
JAN{ L) pARLE Jofrem b 2 1
- pllp0 ratio Koehler1988 x P, Damone2018 ﬂ;i- g
10—2 L This work -
L7 ‘
rd i
10°F  Calculated by AZURE2 _ ] J\ 3
—_— i Total DRC,
Barbagallo2016
10 10°° 10 107 1

Ecm. (MeV)

® Mostly consistent with the known J7, total I', I',, ' ), and E,
® No confliction with the Wigner limits. (except 2-T )

® | = 2 only. (except higher-lying 3+)
® Included only n-emission channels.

A+ Lamia2017
+ This work




Reaction rate ratio to Cyburt (2004)

'Be(n,p) Reaction rate

1_8 i T T T T TTT T T T T TTT | T T T T T TTT | T T T T TTT I_
R =2 p Damone2018 + p_ This work
1.6[ 0 L 4 .
I —— p Damone2018 1 This work: o
140 0 1~ 15% higher rate (preliminary)
Tk » 1 = ~90% ’Li abundance (preliminary)
: S ] (with a sensitivity
e Ty e 2 LIS Blogy 4/ Bloglov) g, = =0.71)
1} < n_TOF results:
. 1~ 5% higher rate in BBN range
08l J = 96% ’Li abundance
N BBN i
0.6 i 1 1 1 11111 | 1 1 1 11111 | 1 1 1 L1111 | 1 1 1 1111 I_
10° 107 107 1 10

Temperature (GK)



ANC measurement;?N(p,y) by °N(d,n)

« Hot burning process (rap) in massive stars.
- 12N: produced by °B(*He,n),1k-2k pps on the CD, target.

- 12N beam purity: ~50% on the AE detector. (Main
contaminant:’Be)

DSSD, 57

Schematic setup at F3 chamber

TOF vs beam X pos. (Plﬂ) Target stand
PPACs (CD,),

N\

12N .

Be

eam stopper,

143 mm———
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100 ® Experiment

Set1+CN
- = -Set2+CN
----CN

. 12N(d’n)130© 12N(p,Y)130

daol/dQ (mb/sr)

« Differential cross section
—~ANC by optical potential fitting o

-12N(p,y) reaction rate evaluated,

2 orders of magnitude smaller
than REACLIB. :
I TR e e
B. Guo etal,, Phys. Rev. C (2013) " " -~ REAGLIS
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Summary

CRIB is alow-energy RI beam facility in RIBF operated by CNS,

University of Tokyo, providing low-energy (<10MeV/u) RI beams of good
intensity and purity.

Interests on indirect determination of astrophysical reactions, using RI
beams:

Alpha resonant scattering to study resonance properties
Indirect method measurements (THM and ANC)
Al-26 isomeric beam for the cosmic gamma-rays

Visit CRIB webpage for more information. http://www.cns.s.u-
tokyo.ac.jp/crib/crib-new/
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